We present a solid state polymer microcavity dye laser, fabricated by thermal nanoimprint lithography (NIL) in a dye-doped thermoplast. The thermoplast poly-methylmethacrylate (PMMA) is used due to its high transparency in the visible range and its robustness to laser radiation. The laser dye is Rhodamine 6G ClO 4 . This dye is shown to withstand temperatures up to 240°C without bleaching, which makes it compatible with the thermal nanoimprint lithography process. The 1.55 m thick dye-doped PMMA devices are fabricated on a SiO 2 substrate, yielding planar waveguiding in the dye-doped PMMA with two propagating TE-TM modes. The laser cavity has the lateral shape of a trapezoid, supporting lasing modes by reflection on the vertical cavity walls. The solid polymer dye lasers emit laterally through one of the vertical cavity walls, when pumped optically through the top surface by means of a frequency doubled, pulsed Nd:YAG laser. Lasing in the wavelength region from 560 to 570 nm is observed from a laser with a side-length of 50 m. In this proof of concept, the lasers are multimode with a mode wavelength separation of approximately 1.6 nm, as determined by the waveguide propagation constant(s) and cavity dimensions. The stamps used in this work were fabricated by UV-lithography, limiting the lateral dimensional control of the devices. The resolution of NIL is ultimately limited by the quality of the stamps. Using electron beam lithography for stamp fabrication, the NIL process presented here offers the possibility for adding mode-selecting elements, e.g., diffractive-or sub-wavelength optical elements.
INTRODUCTION
Liquid dye lasers 1 have been a widely used coherent light source with a wide tuning range in the visible part of the spectrum. However, problems associated with handling of the liquid dye solutions, and the size and price of such systems stimulated the research and development of polymer based solid state dye lasers, and other coherent light sources covering the visible range. Solid state dye lasers were realized already in 1967 by Soffer and McFarland 2 and by Peterson and Snavely, 3 who demonstrated stimulated emission from a polymer matrix doped with a laser dye. A review on the further development of solid state polymeric dye lasers is given by Singh et al. 4 Methods for improving the efficiency and lifetime of these devices have attracted much attention. [5] [6] [7] Low cost, maintenance-free polymer based solid state lasers could find applications within communication and sensing systems. In a recent review article, Verpoorte 8 notes that the integration of optical transducers is a key issue in the further development of "lab-on-a-chip" microsystems. 9 For such applications polymer based components are an attractive alternative to more commonly used types of solid state lasers. 10 Most work on solid polymer and other solid state matrices containing laser dyes rely on external and macroscopic laser cavities. Polymer dye lasers with cavities integrated in the polymer structure have been demonstrated by Hu and Kim, 11 and Li et al., 12 relying on casting and peel- 16 and passive optical components. 17 As a proof of concept we present a polymer microcavity dye laser fabricated by NIL. The laser design is based on guiding of the laser light in a thin film of the thermoplastic polymer poly-methylmethacrylate (PMMA) doped with the laser dye Rhodamine 6G ClO 4 , placed on a SiO 2 substrate. The lasers have the lateral shape of a trapezoid. They are optically pumped by an external light source, and laterally emitting, as outlined in Fig. 1 . The laser resonator relies on total internal reflection at the polymer-air interface at three of the vertical cavity walls, and light is coupled out at the last cavity wall. The cavity design is adopted from Ref. 18 , where the microcavities are defined by photolithography in SU-8 photoresist doped with laser dye.
Fabrication by imprint techniques like NIL allows for selecting the polymer and laser dye more freely. The only restrictions to the choice of polymer is that it must be thermoplastic and transparent in the preferred wavelength range. In a previous work, 19 we have also demonstrated trapezoid and triangular shaped microcavity lasers in dye-doped a)
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In NIL, a pattern is transferred from a stamp to a film of thermoplastic polymer on a substrate. The polymer film is heated above its glass transition temperature (T g Ӎ 105°C for PMMA), typically to a temperature of 70-90°C above T g , and the stamp is pressed into the polymer. In contrast to conventional hot embossing and injection molding, the NIL technique has limitations when fabricating larger devices (e.g., optical components) with thicknesses of a few microns. The problems are associated with the residual layer thickness under the stamp protrusions and incomplete filling of large cavities in the stamp. 21, 22 A residual layer of the polymer is always remaining on the substrate after imprinting, and the polymer flow decreases rapidly when the residual film thickness decreases.
The Rhodamine-doped PMMA is heated during fabrication, and since most organic dyes are observed to be degraded when heated, 4, 23, 24 this has been investigated. Rhodamine 6G is available in several versions, and the most commonly used is Rhodamine 6G Cl. This dye is however very sensitive to thermal and optical degradation. We have chosen Rhodamine 6G ClO 4 , which is found to be more robust to heating.
In the following sections we present the design considerations for the trapezoid microcavity lasers, the NIL fabrication details, and the optical characterization of the fabricated solid polymer microcavity dye lasers.
THE POLYMER LASER CAVITY
As illustrated in Fig. 1 , the dye-doped PMMA microcavities are placed on a SiO 2 substrate. The refractive index of the PMMA increases with the concentration of Rhodamine 6G. 13 The value for pure PMMA is n = 1.491 (at 590 nm), and approximately 1.50 for PMMA with a Rhodamine 6G ClO 4 concentration of 25 mM. The SiO 2 substrate has a smaller refractive index (n = 1.458 at 590 nm). The structure therefore forms an asymmetric planar waveguide with the dye doped PMMA layer acting as core and the SiO 2 substrate as buffer-layer. The Rhodamine 6G laser dye has optical gain at wavelengths between 540 and 610 nm, when it is optically pumped at a wavelength of 532 nm. A polymer height of 1.55 m is chosen to provide sufficient absorption of the pump light. With this polymer height the asymmetric waveguide supports two propagating TE-TM modes at wavelengths covered by the dye gain spectrum. 25 The nanoimprint process leaves a thin residual layer of dye-doped PMMA on the SiO 2 substrate surrounding the microcavities. The thickness of this residual layer is determined by the stamp geometry and the initial height of the dyedoped PMMA film. The residual layer thickness is chosen thin enough, 150-200 nm, to avoid guiding of dye laser light outside the imprinted microcavities.
The lasing modes in the trapezoid microcavity are supported by reflection at the vertical polymer walls, as illustrated in Fig. 2 . Three closed loop round-trip paths, R, RЈ, and RЉ, are indicated in the figure. This type of closed loop paths with one reflection at each sidewall all have the same round-trip length, and thereby support the same lasing modes. The entire cavity volume is therefore utilized for amplification of the light. The trapezoid is characterized by the side-length L of the longer base, the trapezoid height h, and the angle ␣. These three parameters determine the angles of incidence 1 and 2 , and the closed loop geometric path-length l. The angle of incidence 3 is given by 3 = −2 2 − 1 .
The devices presented in this atricle are designed with 2 = 46°and 3 = 47°, i.e., the angle of incidence at the three sidewalls, B, C, and D is well above the critical angle ͑ crit = 41.81°͒ for the interface between the dye-doped PMMA and air. The angle of incidence at the fourth sidewall A, where the dye laser light is coupled out, is 1 = 41°, corresponding to a power reflectance of app. 0.2 for horizontally or p polarized (TE) modes, and approximately 0.5 for vertically or s polarized (TM) modes. The dye laser output is emitted laterally, at an angle of refraction 4 Ӎ 80°, assuming a refractive index around 1.50 for the dye-doped PMMA. Lasing is expected in the TM modes, since these have the highest optical feedback. Likewise, simpler modes, e.g., based on standing waves between the two parallel sides A and C will have a shorter gain length and lower optical feedback. More complicated modes with more than four reflections per round trip are also expected to have larger cavity losses.
As shown later, the Rhodamine-doped PMMA lasers presented here emit at vacuum wavelengths around 565 nm. The second type has L =50 m, h = 49.11 m, and ␣ = 87°. In this type of device the path length l is 136.4 m, which corresponds to approximately 360 times the dye laser emission wavelength. The mode spacing ⌬ is 1.57 nm for TM 0 and 1.59 nm for the TM 1 modes.
FABRICATION
The complete process flow for fabrication of the solid polymer microcavity dye lasers includes fabrication of the silicon stamps, preparation of the dye-doped PMMA and the substrate, and finally the imprint process itself.
The silicon stamps used for the NIL process are fabricated by standard microtechnology processes, as outlined in Fig. 3 . The microcavities in the stamps are defined by optical lithography and reactive ion etching (RIE). A 1.5 m thick layer of AZ5214E photoresist is used as mask for the RIE process. The RIE process, which is optimized for obtaining vertical and smooth side-walls, is performed in a parallel plate STS Multiplex RIE system with quartz shield. The process pressure is 80 mTorr. A SF 6 flow of 32 sccm is applied together with an O 2 flow of 8 sccm and a rf power of 30 W. These parameters give an etch rate of approximately 200 nm/ min. Scanning electron microscope (SEM) images of a silicon stamp after RIE are shown in Fig. 4 .
The stamp is subsequently coated with a teflon like material using a C 4 F 8 plasma in a deep reactive ion etcher, as suggested by Ayón et al. 26 The teflon significantly reduces sticking between the silicon stamp and the polymer during fabrication, allowing easy release of the stamp after imprint.
The silicon substrate wafer, on which the microcavity lasers are fabricated, is prepared with 1 m of thermally grown SiO 2 . The adhesion between PMMA and SiO 2 is generally low, but as stated earlier the SiO 2 layer is used to achieve guiding of light inside the cavities.
A thin film, approximately 400 nm thick, of Rhodaminedoped PMMA is spincoated onto the substrate. The PMMARhodamine solution is prepared by first dissolving Rhodamine in ethanol, and subsequently mixing this with PMMA dissolved in anisole. Rhodamine is poorly dissolved in PMMA, and therefore a polar solvent like ethanol is needed. 27 1 mL ethanol is used per 20 mol of Rhodamine, and 20 mol Rhodamine is used per gram of PMMA.
The polymer flow, and hence the filling of large stamp cavities during the NIL process, depends strongly on the viscosity of the polymer. The viscosity of PMMA above the glass transition temperature increases strongly with the molecular weight. 28 Hence a low molecular weight ͑50 k͒ PMMA is chosen in combination with a laser dye, that can withstand the elevated temperature necessary to reach the low viscosity regime. Rhodamine 6G Cl is one of the most commonly used versions of Rhodamine. PMMA devices doped with this dye, and fabricated by NIL, were observed to show strongly reduced fluorescence.
The thermal bleaching of the dye was investigated. Samples of Rhodamine-doped PMMA were baked at temperatures between 80 and 240°C for a time ranging from 15 to 120 min. The dye was excited at low power (a few mW/ cm 2 by a frequency doubled Nd:YAG laser at wavelength 532 nm), and the intensity of the fluorescence from the dye was measured. Figure 5 shows the results for Rhodamine 6G Cl. It is seen that the fluorescence decreases rapidly from around 140°C, nearly independent of time at the elevated temperature. Figure 6 shows the results of the fluorescence test on a different type of Rhodamine, Rhodamine 6G ClO 4 . Here only small variations in fluorescence can be seen over the whole time-temperature range. Hence the Rhodamine 6G ClO 4 was chosen for the devices presented here.
During the NIL process, the PMMA coated substrate is placed in contact with the stamp inside a homebuilt NIL pressing machine. The chamber of the machine is evacuated down to approximately 0.1 mbar, and the stamp and substrate are heated to 170°C. When this temperature is reached, the stamp and substrate are pressed together under a pressure of approximately 5.5 MPa. The pressure and temperature is kept for 10 min, before the stamp and substrate is cooled down. When the temperature reaches 90°C, the pressure is released and the stamp and substrate are separated. SEM pictures of a L =50 m side-length trapezoid device are shown in Fig. 7 .
CHARACTERIZATION
For optical characterization the microcavity dye lasers are optically pumped by a pulsed (5 ns pulses at 10 Hz) frequency doubled Nd:YAG laser (Continuum Surelite I-10) emitting at 532 nm. Several identical microcavities are pumped simultaneously. The pumping laser beam is coupled into the dye-doped PMMA microcavities through the top surface, and the output from the polymer dye lasers is emitted in the plane parallel to the substrate, as outlined in fiber (200 m core diameter), placed within one centimeter from the sample, in the plane of the sample. The light is analyzed by a fixed grating spectrometer (AVS-USB2000 from Avantes). Figure 8 shows the output from a trapezoid shaped device with a side length of L =50 m fabricated by NIL. Three spectra, measured at different optical pumping intensities, 35, 184, and 332 mW/ cm 2 , are shown. The laser exhibits multimode oscillations. A series of double and triple peaks are observed with the predicted period of approximately 1.6 nm. The observed double and triple peak structure can be due to the small difference in propagation constants of the lasing TM 0 and TM 1 modes. Small variations in size of the lasing devices can also contribute to the complicated details of the observed emission spectra. The inset shows the PMMA microcavity dye laser output intensity versus pumping intensity. The change in slope indicates the onset of lasing. The efficiency of the lasers is estimated to approximately 0.1%. The dye laser light is emitted laterally at an angle of refraction of 4 Ӎ 80°, in accordance with our design considerations. The emitted dye laser light is vertically polarized, as expected from the assumption of lasing TM modes. The lifetime of the laser devices was also measured. At a pumping intensity of 195 mW/ cm 2 , the dye laser output was reduced by 3 dB (50%) after 12 000 pulses, or 20 min. Figure 9 shows the output from a trapezoid shaped device with a side length of L =10 m. The spectra are different from the five times larger devices in Fig. 8 . The inset shows that there is no change in slope in the output intensity as function of pumping intensity, but there is a significant drop in the full width half maximum (FWHM). This could be an indication of amplified spontaneous emission 29 rather than lasing from the smaller devices, where the quality of the fabricated polymer cavities is limited by the resolution of the UV-lithography step used for the stamp fabrication. The inset shows the output intensity and the FWHM at different pumping intensities. There is no change in slope in the output intensity to indicate the threshold for laser operation, only in the FWHM.
